Background/Aims: Tendon stem cells (TSCs) exhibit a high self-renewal capacity, multidifferentiation potential, and low immunogenicity; thus, these cells might provide a new cell source for tendon repair and regeneration. TSCs are exposed to increased oxidative stress at tendon injury sites; however, how TSCs maintain their stemness under oxidative stress is not clear. Methods and Results: In this study, we found that H 2 O 2 treatment increased ROS accumulation in human TSCs (hTSCs) and resulted in loss of self-renewal capacity and stemness, as reflected in reduced colony formation and proliferation, decreased expression of the stemness markers Nanog, Oct-4, NS, and SSEA-4, and impaired differentiation capability. These H 2 O 2 -induced damages were prevented by pretreatment with starvation or rapamycin. Pretreatment with starvation or rapamycin prior to H 2 O 2 exposure also led to decreased intracellular and mitochondrial ROS accumulation along with increased autophagic activity, as manifested in increased LC3 cleavage, Beclin-1 expression, and GFP-LC3-labeled autophagosome formation. Autophagy inhibition by 3-MA or CQ, or by shRNA silencing of Agt-7 or Beclin-1 reduced the protective effects of starvation and rapamycin on H 2 O 2 -treated hTSCs. Conclusion: Thus, the findings of this study suggest that autophagy prevents oxidative stress-induced loss of self-renewal capacity and stemness in hTSCs through suppression of ROS accumulation.
Introduction
Tendons are fibrous connective tissues that connect muscles to bones. Their primary function is to transmit forces from the corresponding muscle to the skeleton during locomotion, and therefore, they frequently withstand mechanical loading. Tendon injuries from overuse cause pain and motion impairment, and can progress into osteoarthritis and disability, and eventually the need for joint replacement [1] . Recently, tendon stem cells (TSCs) have been isolated from human and several other species [2] [3] [4] . These cells can proliferate and differentiate into different cell types such as tenocytes, chondrocytes, osteocytes, and adipocytes in vitro and form tendon-like, cartilage-like, and bone-like tissues in vivo [4] . In addition, rat TSCs have been reported to participate in tendon repair after injury through migration, proliferation, and activation of tenogenesis [5] . Thus, TSCs might provide a new cell source for tendon repair and regeneration. Understanding the mechanisms that regulate TSC proliferation and maintenance may help guide the development of stem cell-based therapies for tendinopathy.
Autophagy is a natural, destructive mechanism that allows the orderly degradation and recycling of dysfunctional cellular components [6] . Autophagy is activated by various intrinsic and extrinsic cellular stresses, such as starvation, reactive oxygen species (ROS) accumulation, and hypoxia, and plays a crucial role in maintaining cellular homeostasis under these stress conditions. Accumulating evidence has revealed that autophagy plays a key role in the control of self-renewal and stemness of stem cells [7, 8] . Studies have shown that autophagic activity is constitutively high in mesenchymal, hematopoietic, dermal, and epidermal stem cells, and is downregulated after induced differentiation to a basal level similar to that observed in most somatic cells [9] [10] [11] . It has also been reported that autophagy promotes self-renewal and maintains stemness of mesenchymal stem cells during hypoxia, starvation, or irradiation [12] [13] [14] [15] . Based on these results, we wondered whether autophagy is also involved in the homeostatic control of TSCs under stress conditions.
It has been well recognized that mechanical overloading induces cellular stresses such as oxidative stress and endoplasmic reticulum (ER) stress in tenocytes, which contribute to the development of tendinitis and tendon degeneration [16, 17] . However, how these cellular stresses impact TSC maintenance and function has not been reported. In this study, we found that H 2 O 2 treatment of human TSCs (hTSCs) resulted in ROS accumulation and loss of selfrenewal capacity, cell stemness, and differentiation capability. Starvation and the mTOR inhibitor rapamycin increased autophagic activity, reduced ROS generation, and maintained self-renewal capacity, cell stemness, and differentiation capability in H 2 O 2 -treated hTSCs. Moreover, these protective effects of starvation and rapamycin were curtailed by autophagy inhibition. These results indicate that autophagy protected hTSCs against oxidative stressinduced damages through suppression of ROS accumulation.
Materials and Methods
Cell culture hTSCs were isolated from supraspinatus tendon of four adult donors (26 to 34 years old) undergoing arthroscopic rotator cuff repair as described previously [18] . The protocol for obtaining the tendon samples was approved by the Research Ethics Committee of Shanghai Sixth People's Hospital (Shanghai, China). The cells were cultured at 37°C, 5% CO 2 in a humidified incubator as previously described [19] . Cells at passage four after isolation were used in all experiments. recombinant virus was packaged using the Lentivector Expression System (Shanghai GeneChem). Cells were infected for 48 h and GFP expression was examined under a fluorescence microscope.
ROS generation
To assess mitochondria-derived ROS, cells were stained with MitoSOX (2.5 μM, Sigma) for 10 min at 37°C and subjected to FACS analysis on a flow cytometer (FACS Aria, BD, NJ, USA). To assess intracellular peroxide accumulation, cells were stained with DCF-DA (5 mM, Sigma) for 30 min at 37°C. Cell nuclei were counter-stained with Hoechst 33258 (1 mM, Sigma) for 20 min and cells were analyzed under a fluorescence microscope. All experiments were performed in triplicate.
Detection of autophagosomes with GFP-LC3 labeling
hTSCs were transfected with 1 μg of GFP-LC3 cDNA construct (Addgene, Cambridge, MA, USA) for 4 h using Lipofectamine 2000 (Invitrogen). The transfected cells were seeded in six-well plates (2 x 10 5 cells/well) and cultured overnight. On the next day, cells were treated with 0.5 mM H 2 O 2 for 24 h with or without pretreatment with starvation or rapamycin. Untreated cells were included as control. GFP-LC3-labeled vacuoles (autophagosomes) were counted under an Olympus microscope equipped with a coolsnap camera. All experiments were performed in triplicate.
Statistical analysis
All results are presented as the mean ± SD (standard deviation). Data analysis was performed using GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, USA). One-way analysis of variance (ANOVA) was employed to interpret differences between groups. Single comparison was conducted with Student's t test and multiple comparisons were performed using Tukey's HSD post hoc test. Differences with P <0.05 were considered statistically significant.
Results

H 2 O 2 impaired hTSC self-renewal capacity and stemness
We first examined the effects of H 2 O 2 treatment on hTSC self-renewal capacity. As shown in Fig. 1A , treating hTSCs with H 2 O 2 at concentrations of 0.5 and 0.75 mM for 24 h significantly impaired the colony formation capacity of these cells. Similarly, profound inhibition of cell proliferation was observed at these H 2 O 2 concentrations (Fig. 1B) . We subsequently examined the effects of H 2 O 2 on the expression of the cell stemness markers Nanog, Oct-4, NS, and SSEA-4. As shown in Figure 1C and 1D, treatment with 0.5 mM H 2 O 2 for 24 h resulted in significant decreases in the mRNA and protein expression of these stemness markers. To examine the effects of H 2 O 2 on hTSC differentiation into adipocytes, chondrocytes, and osteocytes, cells were incubated with 0.5 mM H 2 O 2 or vehicle alone for 24 h and cultured in adipogenic, chondrogenic, and osteogenic differentiation media, respectively, for 14 days. Oil Red O, Alcian Blue, and Alizarin Red S staining were used to assess lipid accumulation, cartilage matrix formation, and calcium deposition, respectively. Compared with control, H 2 O 2 -treated cells showed markedly reduced lipid accumulation, cartilage matrix formation, and calcium deposition 14 days after differentiation initiation (Fig. 1E) . In addition, H 2 O 2 -treated cells exhibited significantly lower expression of the adipogenic marker PPAR-γ, the chondrogenic marker Sox-9, and the osteogenic marker Runx-2, respectively, during the 14-day period of differentiation ( Fig. 1F) . These results indicated that increased oxidative stress impaired the self-renewal capacity, stemness, and differentiation potential of hTSCs.
Starvation and rapamycin protected hTSCs against H 2 O 2 -induced damages
To test the effects of starvation and rapamycin, hTSCs were incubated in serum free medium or treated with 200 nM rapamycin for 2 h prior to 24 h exposure to 0.5 mM H 2 O 2 . As shown in Fig. 2A and 2B, cells pretreated with starvation/rapamycin prior to H 2 O 2 treatment showed more robust colony formation capacity and more rapid proliferation compared with cells treated with H 2 O 2 alone. The mRNA and protein expression of the stemness 
Starvation and rapamycin suppressed ROS accumulation in H 2 O 2 -treated hTSCs
Exposure to H 2 O 2 leads to increased intracellular ROS generation. Excessive ROS can cause significant damages in cell structures and functions. Autophagy is often triggered by ROS [22] , and conversely, autophagy can contribute to reduce oxidative stress by engulfing and degrading oxidized cellular components [23] . To investigate the mechanisms underlying the protective effects of starvation and rapamycin on H 2 O 2 -treated hTSCs, we assessed intracellular ROS levels using the fluorescent probe dichlorofluorescin diacetate (DCF-DA). We also determined mitochondrial ROS levels using MitoSOX, a fluorogenic dye for highly selective detection of superoxide in the mitochondria of live cells. As shown in Fig. 4A and 4B, treating hTSCs with 0.5 mM H 2 O 2 for 24 h drastically increased intracellular and mitochondrial ROS levels. These H 2 O 2 -induced ROS increases were prevented by pretreatment with the antioxidant NAC as well as starvation/rapamycin (Fig. 4A and 4B ). These findings suggested that suppression of ROS accumulation contributed to the protective effects of starvation and rapamycin on H 2 O 2 -treated hTSCs.
The protective effects of starvation and rapamycin on H 2 O 2 -treated hTSCs were inhibited by autophagy blockage
To confirm that autophagy contributed to the maintenance of self-renewal and stemness in H 2 O 2 -treated hTSCs, we tested the effects of autophagy inhibition by chemical inhibitors
Discussion
Tendon and ligament injuries are common in occupational and athletic settings. Recovery is often slow and financially demanding. With the recent advances in stem cell biology, research on the use of stem cells to repair tendon and cartilage injuries is gaining momentum, with the majority using mesenchymal stem cells or embryonic stem cells [24, 25] . Recently isolated TSCs exhibit a high self-renewal capacity, multi-differentiation potential, and low immunogenicity; thus, these cells might provide a new cell source for tendon regeneration [26] . Loss of cell self-renewal capacity and pluripotency is a major obstacle to stem cellbased therapies. Considering that TSCs implanted in injury sites would be exposed to various cellular stresses, we studied the effects of increased oxidative stress on hTSCs in vitro. We found that H 2 O 2 -treated hTSCs exhibited increased ROS accumulation along with reduced colony formation and proliferation, decreased expression of the stemness markers Nanog, Oct-4, NS, and SSEA-4, and impaired differentiation capability. Thus, hTSC maintenance under stress conditions such as increased oxidative stress may be a challenge to overcome in TSC-based therapy. It has been reported that autophagy is a mechanism used by stem cells to maintain self-renewal and stemness under various external insults [12] [13] [14] . Starvation and the mTOR inhibitor rapamycin are well established activators of autophagy. Thus, we examined the effects of starvation and rapamycin on hTSCs exposed to H 2 O 2 . Pretreating hTSCs with starvation or rapamycin effectively prevented H 2 O 2 -induced impairment in selfrenewal capacity, stemness marker expression, and differentiation capability. These protective effects were accompanied by activated autophagic activity as reflected in increased LC3 cleavage, Beclin-1 expression, and GFP-LC3-labeled autophagosome formation. Moreover, autophagy inhibition by 3-MA or CQ, or by shRNA silencing of Agt-7 or Beclin-1 reduced the protective effects of starvation and rapamycin on H 2 O 2 -treated hTSCs. These data indicated that autophagy contributed to the maintenance of self-renewal capacity, stemness, and differentiation capability of hTSCs under oxidative stress. Considering that autophagy often functions as an anti-oxidant by clearing away oxidized cellular components, we detected ROS levels in hTSCs. Similar to that observed with the antioxidant NAC, pretreatment with starvation and rapamycin led to significantly decreased intracellular and mitochondrial ROS levels in H 2 O 2 -treated hTSCs. These results suggested that starvation and rapamycin protected hTSCs against oxidative stress-induced damages by inducing autophagy, thereby reducing ROS accumulation.
Increasing evidence has revealed that autophagy regulates stem cell self-renewal capacity, differentiation, and somatic reprogramming [7, 27] . To our knowledge, this is the first report on the role of autophagy in homeostatic control of TSC proliferation, stemness, and differentiation. Interestingly, a recent study has shown that hTSCs cultured in hypoxic conditions exhibited increased cell proliferation and stem cell marker expression in vitro and formed more tendon-like structures in tendon-derived matrix in vivo [20] . Considering that hypoxia is a well-recognized autophagy inducer, we think that autophagy likely played a role in the maintenance of hTSCs under hypoxic conditions as well. To take one step further, autophagy might also play a critical role in the maintenance of hTSCs exposed to other stresses that frequently occur at tendon injury sites, such as ER stress and inflammation. Further research is required to find out whether these speculations are correct.
In brief, the findings of this study show that autophagy protects hTSCs from oxidative stress-induced damages by curtailing ROS accumulation. Whether autophagy inducers such as starvation and rapamycin can promote hTSC tenogenesis in vivo waits further investigation.
